Abstract: This paper discusses the design, fabrication and testing of electromagnetic microgenerators on silicon. Two different designs of power generators are micro-fabricated, Prototype A having a wire-wound copper coil and Prototype B, an electrodeposited copper coil both on a Deep Reactive Ion etched (DRIE) silicon paddle. The devices were fabricated using standard Micro-Electro-Mechanical Systems (MEMS) processing techniques. For Prototype A, the maximum measured power output was 148 nW at 8.08 kHz resonant frequency and 3.9 m/s 2 acceleration. For prototype B, the microgenerator gave a maximum load power of 23 nW for an acceleration of 9.8 m/s 2 , at a resonant frequency of 9.83 kHz.
INTRODUCTION
Recently, energy harvesting has emerged as a solution for powering autonomous sensor nodes, to increase their expected lifetimes. In wireless sensor applications where photovoltaic, optical, thermal, or electrical, energy sources are not practical or available, energy harvesting devices that convert kinetic energy into electrical energy have attracted much interest. A variety of micromachined vibration driven generators using electromagnetic principles to convert the kinetic energy of a suspended mass into electrical energy, are being studied for powering wireless sensor nodes. With the decreasing size of wireless sensor networks, there exists a significant driver to miniaturize the size of the power generators.
A detailed review of the state of the art of vibration powered generators has been given in [1] . This review shows that there are to-date no reported fully micro-fabricated (i.e. microfabricated coils, magnets, beam, and housing) electromagnetic vibration generators. Previous work [2] , [3] have demonstrated electromagnetic power generators using bulk magnets such as NdFeB and a conventionally wound Cu-coil. These used a moving stainless steel cantilever beam with Cu-coil [2] and NdFeB magnets [3] attached to the beam. The generators were about 3000 mm 3 in size and produced a power of around 3.9 mW and 2.5 mW respectively. In our previous works, we have reported [4] the design, simulation and assembly process of a microgenerator using integrated coils with NdFeB bulk magnets, on silicon. For further integration, cost reduction and batch fabrication of the electromagnetic generator, we have reported [5] the design, simulation and fabrication process of generator using integrated coils and electroplated CoPt micro-magnets.
In this paper we report further on a microscale vibration powered generator fabricated with an integrated Cu-coil (electroplated) on silicon and bulk NdFeB magnets and compare its performance and characteristics with an alternative prototype assembled with a conventional wire-wound Cu-coil on silicon.. The volume of both the devices was around 106 mm 3 .
GENERATOR DESIGN
The design, modeling and simulation details of the two devices have been reported previously [4] are briefly reviewed here. According to Faraday's law, any time change in the magnetic field linking a coil will cause a voltage to be induced in the coil. The change could be produced either by moving the magnet, while keeping the coil fixed or vice versa. In present designs, the magnets are fixed and the coil moves in between two sets of magnets. Figure 1 shows the schematic of the assembled power generator. In this work, we use wire-wound Cu-coils, thereby realizing a partially 2EG5.P
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Prototype A uses a wire-wound Cu coil placed in a recessed silicon cantilever paddle designed to vibrate laterally in the plane of the wafer. Prototype B has a similar arrangement as Prototype A, but with the Cu-coils electrodeposited on the surface of the wafer before the etching of the paddle.
Fig. 1 Schematic Electromagnetic Power generator
The silicon paddle with the Cu-coil is assembled with two sets of oppositely polarized discrete bulk magnets which are placed in a recess in a Perspex chip, over a soft ferrite magnet. In our previous work [5] , we have shown that the output power generated can be improved by using a soft magnetic layer to concentrate the flux lines in the region between the magnets. This arrangement of magnets in the Perspex chip is placed over the silicon paddle with the coils, with each magnet covering half of the coils. The advantage of this arrangement is to maximize the flux gradient by vibrating the coils from a region of positive flux to negative flux.
FABRICATION PROCESS
The first generator called prototype A used discrete permanent magnets and wire-wound coil and details of this device have been described previously [6] . A conventionally wound coil with 600 turns, from 25 µm diameter enameled copper wire is recessed in a silicon cantilever paddle. The coil internal diameter was 0.5 mm, external diameter of 2.4 mm and a thickness of 0.5 mm. The resulting mass of the silicon paddle plus coil was 0.028 g. Four-inch silicon wafers with high resistivity (17-33 .cm) were etched by a DRIE process to fabricate the silicon paddle, frame and beam. Figure 2 shows the discrete components of prototype A generator.
Fig 2. Prototype A components (2 Perspex chips with magnets & silicon paddle with coil)
In the second generator, Prototype B, the wire wound copper coil is replaced by an electroplated copper coil. The basic electroplated coil design is a square, spiral structure with a 150 µm contact pad in the centre. The coils have a track width and track space of 10 µm with 65 turns. The 10 m thick copper coils are electrodeposited on top of an insulated 2 m thick bottom copper coil, which is sputtered on a silicon paddle (3.5mmx2.8mmx0.5mm). The paddle is etched by DRIE and batch fabricated on a silicon wafer. A silicon cantilever beam (0.3mmx1.2mmx0.5mm) connects the paddle to the frame. The mass of the silicon paddle with coil was 0.014 g. Figure 3 shows the process steps involved in the fabrication of an integrated coil on a DRIE etched paddle. Figure 4 shows the resulting 
Fig 3: Overview of process steps for integrated coil fabrication

TRANSDUCERS & EUROSENSORS '07
The 14th International Conference on Solid-State Sensors, Actuators and Microsystems, Lyon, France, June 10-14, 2007
electrodeposited coil structure on a DRIE etched silicon paddle.
Fig 4: SEM image of a) Integrated coil structure with DRIE etched paddle, b) electroplated copper coil structure
This coil arrangement is bonded between two sets of oppositely polarized NdFeB magnets. The process of bonding and the assembly of the magnets are similar to that used in prototype A. For the magnet assembly, Perspex chips (6mmx6mmx3mm) are fabricated using traditional milling techniques. Each chip has a (2mmx2mmx2mm) cavity etched in the middle. A ferrite soft magnet (2mmx1mmx1mm) is glued in the Perspex etched slot, over which two oppositely polarized NdFeB magnets (1mmx2mmx1mm) are bonded. Two such Perspex chips containing the magnets are individually glued on the silicon chip with DRIE etched paddle. During assembly, the three chips are placed such that, the magnets are aligned over center of the coil. The assembled microgenerator with discrete magnets and integrated coil is shown in figure 4.
Fig 4: Assembled silicon generator, Prototype B with discrete magnets and integrated coils
RESULTS & DISCUSSION
As a first test the mechanical strength of the prototype A paddle and beam was tested using a standard weight set gradually added to a thin wire attached across the paddle. The weight was increased until the silicon structure broke. This simple test showed that the silicon beam could withstand 2.8 to 3 N applied force without chemical polishing and 4.5 to 5.5 N after chemical polishing For measurement of generator output power, the two prototypes were tested using a Bruel & Kjaer 4810 mini shaker driven from a signal generator through a power amplifier. The excitation vibrations were measured using a Piezotronics (model 354C03) three axis accelerometer. The tests were performed at acceleration levels of 3.924 m/s 2 for Prototype A and 9.81 m/s 2 to 39.24 m/s 2 for Prototype B device. The resonant frequencies of the two generators were measured on a Hewlett Packard 3588 A 10 Hz-150 MHz spectrum analyzer. The generator output was applied across an impedance matched load and the voltage was observed on a digital oscilloscope. The Quality factor for the device is calculated as the ratio of resonant frequency at open load condition and difference in frequencies at half the power at resonant frequency. The value of parasitic damping is the reciprocal of Quality factor at open load condition.
. The variation of power with frequency of prototype A generators is presented in figure 5 . The value of the maximum power was 148 nW at 8.08 kHz resonant frequency and 3.9 m/s 2 acceleration. The quality factor for the device was measured as 26. For prototype B, the resonant frequency was observed at 9.837 kHz. The Quality factor, Q, for the device was 164. The power extracted from the device was about 23 nW for an acceleration of 9.81 m/s 2 into a 52.7 load resistance. The output power was measured at different acceleration levels, up to 39m/s 2 , for the same load resistance. Figure 6 shows the variation of output power with the acceleration levels. The maximum power output from the device was 40 nW at acceleration of 39.24 m/s 2 for a load resistance of 52.7 . 
Power vs Acceleration
Fig 6. Variation of Output Power vs Acceleration for Prototype B
The reason for lower output power from the device could be due to lower amplitude of the paddle and the beam. The low amplitude of vibration may be due to high value of parasitic damping. The value of parasitic damping for prototype B was calculated to be about 0.003. For this value of parasitic damping, the paddle is estimated to vibrate at a displacement of 0.5 µm. This low vibrational amplitude results in low power output from the devices. For prototype A, the high parasitic damping was due to the friction between the leads of the wire-wound coil and the Perspex lid. The high parasitic damping in case of prototype B is under investigation.
CONCLUSION
This paper explains the design, fabrication and the test results of two types of electromagnetic power microgenerator on silicon. Both the designs use a coil structure between two sets of oppositely polarized bulk NdFeB magnets. Prototype A uses a wire-wound coil placed in DRIE etched silicon paddle (partially batch-fabricated), while Prototype B uses an electrodeposited Cu-coils on silicon paddle (fully batch-fabricated). The test results of both devices have been reported, for prototype A, the maximum power output measured was 148 nW at 8.08 kHz resonant frequency and 3.9 m/s 2 acceleration. Similarly, for prototype B, the resonant frequency was measured at 9.84 kHz. At this frequency, the microgenerator gave a maximum load power of 23 nW for acceleration of 9.8 m/s 2 , at a load resistance of 52.7 .
